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Background: Ultra-low Q-value β-decays are interesting processes to study with potential applications to nuclear
β-decay theory and neutrino physics. While a number of potential ultra-low Q-value β-decay candidates exist,
improved mass measurements are necessary to determine which of these are energetically allowed.
Purpose: To perform precise atomic mass measurements of 89Y and 139La. Use these new measurements along
with the precisely known atomic masses of 89Sr and 139Ba and nuclear energy level data for 89Y and 139La to
determine if there could be an ultra-low Q-value decay branch in the β-decay of 89Sr → 89Y or 139Ba → 139La.
Method: High-precision Penning trap mass spectrometry was used to determine the atomic mass of 89Y and
139La, from which β-decay Q-values for 89Sr and 139Ba were obtained.
Results: The 89Sr → 89Y and 139Ba → 139La β-decay Q-values were measured to be QSr = 1502.20(0.35) keV
and QBa = 2308.37(0.68) keV. These results were compared to energies of excited states in
89Y at 1507.4(0.1)
keV, and in 139La at 2310(19) keV and 2313(1) keV to determine Q-values of -5.20(0.37) keV for the potential
ultra-low β-decay branch of 89Sr and -1.6(19.0) keV and -4.6(1.2) keV for those of 139Ba.
Conclusion: The potential ultra-low Q-value decay branch of 89Sr to the 89Y (3/2−, 1507.4 keV) state is ener-
getically forbidden and has been ruled out. The potential ultra-low Q-value decay branch of 139Ba to the 2313
keV state in 139La with unknown Jpi has also been ruled out at the 4σ level, while more precise energy level data
is needed for the 139La (1/2+, 2310 keV) state to determine if an ultra-low Q-value β-decay branch to this state
is energetically allowed.
I. INTRODUCTION
Ultra-low Q-value β-decays, in which the parent nu-
cleus decays to an excited state in the daughter with a
Q-value of less than 1 keV, provide a powerful tool to
test the role of atomic interference effects in nuclear β-
decay [1, 2]. They can also potentially be used as new
candidates for direct neutrino mass determination exper-
iments [3–6]. In order for a potential ultra-low Q-value
decay to be identified or ruled out, precise measurements
of the ground-state to ground-state Q-value as well as
the excited state energy levels of the daughter nucleus
are necessary.
Currently, the only known ultra-low Q-value β-decay is
that of 115In to the 3/2+ first excited state in 115Sn. This
decay branch was discovered by Cattadori, et al. in 2005
via the observation of a 497.48 keV line in a γ-ray spec-
troscopy measurement on an ∼1 kg metallic indium sam-
ple at Gran Sasso underground laboratory [3]. Cattadori,
et al. inferred that 115In must undergo a weak β-decay
branch to the 3/2+ level in 115Sn at 497.334(22) keV1 [8].
Using the atomic mass data available at the time [9],
the Q-value was determined to be 2(4) keV. Later, Pen-
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1 The energy of the 115Sn (3/2+) state was recently measured
more precisely to be 497.342(3) keV [7].
ning trap measurements of the 115In – 115Sn mass differ-
ence performed with JYFLTRAP at Jyva¨skyla¨ and with
the MIT/FSU trap at Florida State University, combined
with the daughter state energy, confirmed that this de-
cay is energetically allowed. The JYFLTRAP and FSU
groups determined the Q-value of the ultra-low decay
branch to be 0.35(0.17) keV [10] and 0.155(24) keV [11],
respectively, making this the lowest known Q-value β-
decay. The observation of the 115In → 115Sn (3/2+) de-
cay was later confirmed in measurements with an ∼2.5
kg indium sample at the HADES underground labora-
tory [10, 12]. However, theoretical calculations of the
partial half-life for the 115In ultra-low Q-value decay that
used the Penning trap Q-values showed a significant dis-
crepancy with the experimental results [1, 2]. Hence, ex-
perimental data for additional ultra-low Q-value decays
are called for.
Since the discovery of the ultra-low Q-value β-decay of
115In, other potential ultra-low Q-value decay branches
were identified in 115Cd [13], 135Cs [14], and a number of
other isotopes [5, 6, 15, 16]. However, in all of the iden-
tified cases, more precise atomic mass data is required
for the parent and/or daughter isotope. In Ref. [16], four
cases were identified for which the daughter is a stable
isotope whose mass is known less precisely than that of
the parent. In this work, we investigate two of those
systems: the decay of 89Sr →89Y and 139Ba →139La.
In Fig. 1, decay schemes are shown for 89Sr and 139Ba,
with the main β-decay transitions indicated by solid
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2Figure 1. (color online) Decay schemes for 89Sr and 139Ba
showing the main β-decay branches (solid black arrows)
and the potential ultra-low Q-value decay branches (dashed
blue arrows) investigated in this work. The ground-state
to ground-state Q-values are obtained using data from the
AME2016 [17]. All values are given in units of keV.
black arrows and the potential ultra-low Q-value decays
indicated by dashed blue arrows. In the case of 89Sr, the
potential ultra-low Q-value decay is to the 3/2− state in
89Y at 1507.4 keV. For 139Ba, there are two potential
ultra-low Q-value decay branches: to the 1/2− state in
139La at 2310 keV and to the state of unknown spin and
parity at 2313 keV. The ground-state to ground-state Q-
values given in Fig. 1 are calculated using data from the
most recent atomic mass evaluation, AME2016 [17], and
are limited by the 1.6 keV/c2 and 2.0 keV/c2 uncertain-
ties in the masses of 89Y and 139La, respectively. The
mass of the parent isotopes, 89Sr and 139Ba, are known
to 0.09 keV/c2 and 0.32 keV/c2, respectively. Hence,
precise and accurate atomic masses for 89Y and 139La
with uncertainties <1 keV/c2 are called for to determine
if these potential ultra-low Q-value decay branches are
energetically allowed. In this paper we present the first
direct mass measurements of 89Y and 139La using Pen-
ning trap mass spectrometry. We calculate new Q-values
for these decays and discuss implications for potential
ultra-low Q-value β-decays in 89Sr and 139Ba.
II. EXPERIMENT DESCRIPTION
The atomic masses of 89Y and 139La were measured
at the Low Energy Beam and Ion Trap (LEBIT) facil-
ity, located at the National Superconducting Cyclotron
Laboratory (NSCL) [18]. While LEBIT was designed to
perform on-line mass measurements of rare isotopes from
the NSCL produced via projectile fragmentation, it also
houses a Laser Ablation Source (LAS) [19] and a Ther-
mal Ion Source (TIS) which can be used to produce stable
and long-lived isotopes for use as reference masses and for
offline measurements with applications in neutrino and
nuclear physics [20–28]. For the 139La measurement, the
LAS was fitted with a 25mm × 25mm × 1mm thick sheet
of lanthanum [29], used to produce 139La+ (99.9% nat-
ural abundance). The TIS was fitted with a canister of
xenon gas to produce 136Xe+ (8.9% natural abundance)
via plasma ionization for use as a reference ion. For the
89Y measurement, the LAS was fitted with a 25mm ×
25mm × 1mm thick sheet of yttrium [29], used to pro-
duce 89Y+ (100% natural abundance), and the TIS was
set up to produce 85Rb+ and 87Rb+ (72.2% and 27.8%
natural abundances, respectively) via surface ionization
for use as reference ions.
The LEBIT Penning trap is a hyperbolic trap housed
in a 9.4 T magnetic field. The facility uses the Time of
Flight-Ion Cyclotron Resonance (TOF-ICR) technique to
precisely measure the cyclotron frequency of the ion in
question [30]. Ions held within the trap are driven with
a quadrupolar radio frequency (rf) pulse near to the cy-
clotron frequency for a period of time, trf . They are
released towards a micro-channel plate (MCP) detector
and the time-of-flight between the trap and the detector
is measured. The time-of-flight is minimized when the
frequency of the rf pulse matches the cyclotron frequency
of the ion in question. By varying the frequency of the
rf pulses around the cyclotron frequency and taking mul-
tiple time-of-flight measurements, a resonance curve can
be built and fit to a theoretical line shape (see Fig. 2).
The width of the resonance, and hence the precision to
which the central frequency can be obtained from a fit
to the theoretical line shape, goes as ∼ 1/trf . In this
work we used trf = 1s. Before and after each measure-
ment of the ion of interest, a cyclotron frequency mea-
surement is taken with the reference ion. The reference
measurements are linearly interpolated to find the cy-
clotron frequency of the reference ion at the time of the
measurement of the ion of interest.
The cyclotron frequency of an ion with a charge-to-
mass ratio of q/m is given by the relationship
fc =
qB
2pim
. (1)
From the cyclotron frequency of the reference ion and
the ion of interest, the cyclotron frequency ratio, corre-
sponding to the inverse mass ratio of the ions can be
obtained:
3Figure 2. (Color online) A trf = 1 s cyclotron frequency
resonance curve for 89Y (see text for details). The solid red
line is a fit to the theoretical line shape [31].
R =
f intc
frefc
=
mref
mint
. (2)
A series of measurements of R are taken to find an av-
erage value, R¯. The atomic mass can then be obtained
using the known mass of the reference atom and the equa-
tion
Mint = (Mref −me) 1
R¯
+me, (3)
where Mint is the atomic mass of the atom of interest,
Mref is the atomic mass of a well-known reference atom,
and me is the mass of the electron. We have ignored
the binding energy of electrons in singly charged ions as
they are .10 eV, which is much smaller than our statisti-
cal uncertainty and therefore negligible. The calculated
daughter mass can then be used with the mass of the
parent atom to find the Q-value of the ground-state to
ground-state decay, using the equation
Q = (Mp −Md)c2, (4)
where Md is the atomic mass of the daughter (corre-
sponding to Mint for
89Y and 139La measured here) and
Mp is the atomic mass of the parent (
89Sr and 139Ba
taken from the AME2016).
III. RESULTS AND DISCUSSION
The average cyclotron frequency ratios, R¯, can be
found in Table I. These ratios have had small correc-
tions applied to them to correct for the ∆R/∆m = 2 ×
10−10 per u shift to the ratio that occurs in our system
Table I. Measured cyclotron frequency ratios for 89Y+ and
139La+ ions against their reference ions. N is the number of
individual ratio measurements contributing to the average,
R¯. The uncertainties for R¯, shown in parentheses, have been
inflated by the Birge Ratio, BR, when BR > 1.
Num. Ion Pair N BR R¯
(i) 89Y+/87Rb+ 66 1.2 0.977 541 739 2(56)
(ii) 89Y+/85Rb+ 44 1.1 0.955 075 250 9(56)
(iii) 139La+/136Xe+ 66 1.3 0.978 408 760 7(47)
when measuring non-mass doublets [24]. The uncertain-
ties have been inflated by the Birge Ratio [32] to allow
for potential systematic uncertainties that may not have
been accounted for.
The ratios in Table I were used to obtain absolute
atomic masses for 89Y and 139La. The mass excesses
were then calculated using the equation
ME = (Mint −A)× 931 494.0954(57)(keV/c2)/u, (5)
where A is the mass number of the atom of interest and
the conversion factor is from Ref. [33]. The results are
listed in Table II and are compared with the values from
the AME2016 [17]. The mass differences are also shown
in Fig. 3. There is a 2.8 keV/c2 reduction in the 89Y mass
excess obtained in this work compared to the AME2016.
In the AME, the 89Y mass value was obtained mainly
from a neutron capture measurement linking it to 90Y,
which is then linked to 90Zr through a 90Y β-decay mea-
surement. The mass of 90Zr was measured directly at
LEBIT [24].
In the case of 139La there is a 4.0 keV/c2 increase
in the mass excess value from this work compared to
the AME2016. The mass value of 139La in the AME is
not based on a direct measurement, but through a β-
decay measurement that links it to the mass of 139Ba
and through a network of neutron capture, β-decay, and
α-decay measurements which eventually link it to 163Dy
and 163Ho, for which precise Penning trap measurements
have been performed [34]. In a previous measurement
campaign we performed a direct measurement of the
mass of 138La and found a +5.8 keV/c2 discrepancy com-
pared to the AME2016 [28]. 138La was determined in the
AME2016 mainly via a 138La(d, p)139La reaction mea-
surement with an uncertainty of ∼3 keV. Hence, our re-
sults for the two lanthanum isotopes are consistent with
the 138La(d, p)139La measurement being correct, and the
139La mass in AME2016 being off by 4 keV/c2.
Using our new atomic masses for 89Y and 139La along
with masses for 89Sr and 139Ba from AME2016, we obtain
new ground-state to ground-state Q-values, QGS , which
are listed in Table III. We also list the energy of the
potential ultra-low Q-value decay daughter state and the
calculated Q-value for the ultra-low decay branch from
QUL = QGS − E∗. (6)
For the decay of 89Sr to 89Y, the Q-value was increased
by 2.8 keV. The new value of 1502.20 keV is still less than
4Table II. Mass excesses for 89Y and 139La obtained in the
work along with results from the AME2016 [17] and the dif-
ference ∆ME = MELEBIT - MEAME
Isotope Ref.
This work AME2016 ∆ME
(keV/c2) (keV/c2) (keV/c2)
89Y
87Rb −87 710.67(0.47)
−87 708.4(1.6)
-2.3(1.7)
85Rb −87 711.78(0.49) -3.4(1.7)
Ave. −87 711.21(0.34) -2.8(1.6)
139La 136Xe −87 222.15(0.62) −87 226.2(2.0) 4.0(2.1)
Figure 3. The mass excesses measured in this work. The red
bands show the AME2016 uncertainty and the black dots are
the measured values. (Color online)
the 89Y 3/2− excited state energy of 1507.4 keV. With
QUL = −5.20(0.37) keV, it can now be said definitively
that the 3/2− excited state is not a candidate for ultra-
low Q-value decay. We note that the mass of 89Sr is
known to 0.09 keV/c2 via an (n, γ) measurement that
links it to 88Sr, which has been measured precisely using
Penning trap mass spectrometry [28].
For the decay of 139Ba to 139La, the Q-value was de-
creased by 4 keV. The new value of 2308.37 keV is now
substantially less than the 2313 keV excited state of
139La. With QUL = −4.6(1.2) keV, it can now be said
definitively that the 2313 keV excited state is not ener-
getically viable for ultra-low Q-value decay. However, the
1/2+ excited state of 139La, with an energy of 2310(19)
keV and QUL = −1.6(19.0) keV, still has too large of an
uncertainty for any definitive claims to be made. The
energy of this excited state will need to be measured
to a higher precision to determine if it is a candidate
for an ultra-low Q-value β-decay. The mass of 139Ba is
known to 0.32 keV/c2 via an (n, γ) measurement linking
it to 138Ba. In Ref. [28] we also performed a direct mea-
surement of the mass of 138Ba, which was in excellent
agreement with the AME2016 result. The mass of 138Ba
was derived in the AME2016 from an (n, γ) measurement
linking it to 137Ba—the same series of measurements link-
ing 138Ba and 139Ba. This chain of measurements is ul-
timately anchored to 136Xe and 133Cs, for which precise
atomic mass measurements have been performed. Hence,
there is good reason to accept the AME2016 139Ba mass.
Table III. Q-values based on the absolute mass measurements
in Table II and Eqn. 4. The column E∗ gives the energy of the
excited state of the daughter nucleus. The result for the ultra-
low Q-value decay branch is calculated as QUL = QGS −E∗.
Parent Daughter
QGS E* QUL
keV keV keV
89Sr 89Y 1502.20(0.35) 1507.4(0.1) -5.20(0.37)
139Ba 139La 2308.37(0.68) 2310(19) -1.6(19.0)
139Ba 139La 2308.37(0.68) 2313(1) -4.6(1.2)
IV. CONCLUSION
Using Penning trap mass spectrometry, the mass ex-
cess of 89Y was measured to be −87711.21(0.34) keV/c2
and the mass excess of 139La was measured to be
−87222.15(0.62) keV/c2. These are the first Penning
trap mass spectrometry measurements of either isotope.
The new masses were used to calculate the β-decay Q-
values for 89Sr →89Y and 139Ba →139La. The Q-value
for 89Sr was found to be 1502.20(0.35) keV and the Q-
value for 139Ba was found to be 2308.37(0.68) keV. Both
have had their uncertainties reduced by more than a fac-
tor of two. For the decay of 89Sr, the potential ultra-low
Q-value decay channel to the 3/2− state in 89Y at 1507.4
keV has been refuted. For the decay of 139Ba, one poten-
tial ultra-low Q-value decay channel to the 2313 keV level
in 139La with unknown Jpi has been refuted. However,
the 1/2+ excited state in139La, currently measured to be
2310(19)keV, is still a candidate. More precise measure-
ments of the excitation energy of 139La will be necessary
to determine whether or not the β-decay of 139Ba to this
state is an ultra-low Q-value decay candidate.
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